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ABSTRACT: Low-dimensional hybrid organimorganic materials (HOIMs) are being widely investigated for their unique optoe-
lectronic properties. Some of them exhibit broadband wigke (WL) emission upon UV excitation, providing a potential for the
fabrication of ;ngle-component whitdight emitting diodes (WLEDSs). Here, we report new examples ofdomensional HOIMs,

based or-aminopyridine(4AMP) and group 12 metals (Hg and Zn), for sirgtenponent WL emission. The 4AMP cation con-

taining structures feature HgBand ZnBkisolated tetrahedra in é87N2)2HgBrs-H20 (1) and (GH7N2)2ZnBr4 (2), respectively. The

presence of discrete molecular building blocks in the-dem@nsional (OD) structures result in strongly localized charges and bright

WL luminescencewitaks. corr esponding Commi ssion Internationale de |’ Ecl
0.26), correlated color temperatures (CCT) of 5208)a6d 11630 K2) and very high color rendering index (CRI) of 8§ &nd

96 (2). The visiby bright WL emission at room temperature is corroborated with high measured photoluminescence quantum yield
(PLQY) values of 14.87 and 19.18% fband2, respectively. Notably, the measured high CRI values for these new HOIMs exceed
the commercial requirements and affords both “warm” aend
and powdeidependent photoluminescence (PL), IPétimes measurements and density functional theory (DFT) calculations, the
broadband WL emission is assigned to the 4AMP organic molecules emissiselfarapped states

“

col

INTRODUCTION directly to form a WL. However, due tbe narrow spectrum of

According to thel.S. EnergyInformationAdministration a LED device, the light formed using this method is a pseudo
21% of al energy consumed in the U.S. in 2017 was from light- WL With a discontinuous spectrutfi! Therefore, there is a
ing. By replacing incandescent bulbs with ligihitting diodes ~ 9rowing interest in a singleomponent phosphor material for
(LEDs), 40% power consumption reductiorpi®jectedto be SSLthat could overcome these shoamings™® .
achieved by 2030To achieve these goals, scientists are taking !N this context, hybrid ~organimorganic materials
a leading role in the development of this technology, which un- (HOIMS), especially halides with perovskitgpe structures,
derpins general lighting and electronic displays, by customizinghave qttrac;ecé;(r)nmense attention due to their remarkable struc-
the emission spectrum, stability, and other properties of inor-ng”al diversity®® and outstanding optoelectronic properties,
ganic phosphors inhe LEDs that help produce finetyned which make them promising candidates for LEB light-
WL. Development of whitemitting LEDs (WLEDs) is the key ~ €mitting transistoré® laser cooling’ laser gain med@,photo-.
step for the implementation of solidate lighting (SSL) tech-  detectors? and solar cell$” *!In 2014, broadband WL emis-
nologies, which are expected to address the low efficiencies ofSion was first reported ifi10)oriented2D hybrid halides per-
conventional incandescent anddiescent lighting sourc&d.  0vskites(N-MEDA)PbX4 (N-MEDA = N1-methylethanel,2-
The present SSL technology is based on ustgmbination of ~ diammoniumj* and (EDBE)PbX ( EDBE  -ethyRnedi-
phosphors to give the desired WL emitting devices. Three tech-0XY)bis-(ethylammonium)) wittX = Br, Cl,**andin 2015 a new
nologies are mainly used to realize solid state white lighting: €x@mple o€WL emission in thg100)-oriented2D HOI perov-
first, a blue LED is coatbwith a yellow phosphor, giving a high  SKite (GH1NHz3)2PbBr.* The physical origin of the unusual
luminous efficacy but poor color renditiérf.Second, an ultra- WL emission was attributed to sethpped excitons (STEs) in
violet LED coated with a mixture of red, green, and blue (RGB) & deformable latticdue to the presence of strong electpbro-
phosphors, rendering a limited luminous efficiency as a resultnon coupling’** Follow-up studies by several research groups
of the selfabsorptiort: & Third, a mixture of RGB LEDs is used yielded new examples of HOIM WL emittér§"and confirmed
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their great potential in sokdtate lighting applications. It was Reagents used. Chemicals listed were used as purchased and
demonstrated that lowering the structural dimensionality of without further purification: (i) 4aminopyridinium, 98%,
HOIMs enablestrong quantum confinement ahighly local- Sigma; (i) hydrobromic acid, 47% w/w, Sigrddrich; (iii)

ized charges resulting in high exciton binding energies and stazinc bromide, 99.999%, Alfa Aesar; (iv) mercuryohbride,

ble excibnic emissiort® “* Among notable examples of highly  99.9%, Fisher Scientific; (v) methanol, ACS reagent grade, Al-
luminescent HOIMs i€4N2H14PbBmr,>? which has a 1D crystal  drich; (vi) N,N-dimethylformamide (DMF), 99%, Fisher.
structure and showan efficient bluish WL emission witbho-
toluminescence quantum vyield (PLQWYj 20% and 12% for
bulk single crystals and microscale crystals, respectidely.
More recently, new examples of broadband WL emitters have
been reportednd the specific role of the organic cation in terms
of providing emissive centers has also betscussed in low
dimensional HIOMS® 53 54Beyond hybrid halide perovskites,
Luo et al. recently reported a highly efficient and stable warm
WL emission from the afinorganic leaefree halide double per-
ovskites C{AgxNau«)InCls with 86% PLQY and stability over Thin films preparation. Thin films of 1 and2 were prepared

Crystal growth. Crystals ofl and2 were grown through slow
evaporation at room temperature under ambient conditions
from stoichiometic (2:1:1 molar ratio of 4AMP to HBr to
MBr2) methanol solutions. The 4AMP and MBveresolvated
separately then combined and mixed for 5 mins. A stoichio-
metric amount of HBr was added and the solution was stirred
for another 5 min and then allowed to & room temperature
to slowly evaporate.

1000 hours. Mreover, Wang et &P.reported that noperov- by spin coating technic. Ten milligrams of polycrystalline pow-
skite HOIMs can als have remarkable light emission proper- der of 1 and 2 were dissolved i
ties, such as in the cases 0bIABCO)PkCls and (HO)(Et- mide (DMF) solvent and spicoated on a quartz slide at 2500

DABCO)sPlx:Clss compounds that demonstrate WL emission rpm for 20 s. The film was then annealed at 80 °C for 1Gtanin
with high color rendering index (CRI) values of 96 and 88, re- remove residual solvent.
spectively. I_n these two materials, inorganic parts contr_ib_ute to Single crystal X-
the blue emission, while the yellow/orange emission originates
from the organic parts, salting in an overall broadband WL
emissior® Notably high CRI alues of 96 and 88 reported for
(H2DABCO)PhCls and (HO)(Et-DABCO)sPhky:Clsg are im-
portant; at present, the CRI of most commercial LEDs is around
80, which is considered good for use in everyday lighting.
Nonetheless, for high level cotaritical applications such as
museums galleries, cinematography, cosmetic sales counter:
and surgery, WL emission with a CRI > 90 is des¥ethe
work on (HDABCO)PkCls and (HO)(Et-DABCO)sPhy1Clse
confirms that nosperovskite HOIMs could also demonstrate
outstanding light emission properti@dlowever, the develop-
ment of highlyefficient broadband WL emitting HOIMs with
high CRI is still in its infancy, with only a few demonstrated
examples so far. Powder X-ray diffraction. Powder Xray diffraction

In this study, we report two newxamples of HOIMSs, (PXRD) measurements were carried out on polycrystalline
namely (GH7N2)2HgBr-H-0 (1) and (GH7N2)2ZnBrs (2) that powderand thin filmsof 1 and2. A Rigaku MiniFlex600 sys-

ray diffraction. The X-ray intensity data for

all compounds were collected on a Bruker D8 Quest Kagpa
ometry diffractometer with a Photon Il cpad area detector and
an Incoatec Imus microfocus Mo Kalpha sourtlee samples
were cooled to 100(2) K by an Oxford Cryostream 800 LT de-
vice. All crystal structures were determined from a nonlinear
leastsquares fit. The data were corrected for absorption by the
semiempirical method based on equivalents and structures
Svere solved by direct methods using the SHELXTL program
and refined by full matrix leastquares on #by use of all re-
flections. All norhydrogen atoms were refined with aniso-
tropic displacement parameters, all occupancies were refined
within two standardieviations, and all hydrogen atom positions
were determined by geometry.

demonstrate excellent light emission propertiesa)X crystal-  tem equipped witka D/tex detector, and a #itered CuK a

|Qgraphy studies suggest the presence of discrete mo|ecu|afad|at|0n SQUI’CG was used for these measurements. chns were
building blocks, organic &4:N* cations and inorganictrahe- ~ performedinthe® 0° (26) range, with a ¢
dral MBrs* anions, in the zerdimensional (OD) crystal struc- Thermal analysis. Simultaneous thermogravimetric analysis

tures of (GH7N2)2MBr4results in strongly localized charge car- (TGA) and differential scanningalorimetry (DSC) measure-

riers and bright WL emission with a corresponding Commission jents were carried out on a TA Instruments SDT650 unit.
Internationale de |'Eclairaggedd]Edmért! Qrwémodrddmatiegr 96 (10
0.38) and (0.25, 0.26), and a CRI values of 87 and 96 éod mg samples under a 100 mL/min flow of nitrogen in the-50

2, respectively, which are, to the best of our knowledge, among 75 oc range with 5 °C/min heating rate. DSC onset tesper
the highest values reported in the literature to,datd the high- ~  , r e s were determined using TA

est value for Pifree HOIMs .Metal substitutign (Hg/zn) al- _ analysis package.

lows us to tune the |light emission from “warm” to “col d” WL
with a calculated correlated color temperatures (CCT) of 5206 Diffuse reflectance and optical absorption. The UV-vis dif-

K for 1and 11630 K foe. In addition to the record CRI values, ~fuse reflectance measurements were measured on polycrystal-
measured room temperature PLQY values of 14.87 and 19.18%4in€ powder samples df and2, using a PerkinElmer Lambda

for 1 and?2, respectively are among the highest reported for 790 UV/VIS/NIR Spectrometer equipped with a 100mm Spec-
HOIMs. In particular, the 19.18% PLQY dfis the highest  tralon InGaAs Integrating Sphere attachment over al25)

value reported for netoxic HOIMs WL emitters to date. Our "M range.The diffuse reflectance data were convertedabs

optical investigations supported by density functional theory SOrption spectraccording to théhe KubelkaMunk equation®®

(DFT) calculations suggested that the WL emission resulting (F(R) £ = (@-R)%(2R), where R is the reflectanaejs the

from 4AMP-related moleculafluorescence andelftrapped absorption coe cient, Optdals the
state. absorption measurements were also performed, at room temper-

ature, on spirtoated films ofl and2 and, and were deduced
EXPERIMANTAL SECTION



from direct tansmission spectra acquired using a PerkinElmer
(Lambda 75) spectrophotometer. (a) m “ m

~
A = ]

Photoluminescence. Room temperatur@hotoluminescence

excitation PLE) and PLQY measurements were performed on '{-:,“; m :;:»,rx ,{{% m
polycrystalline powder fol and2, and in solution for the or- aaq dEEl A% Aat.eede
ganic 4AMP, usinga HORIBA Jobin Yvon Fluorolo@ spec- ‘ﬂ L M&'M‘; 3-‘3‘5“‘““‘ ,,'M w5
trofluorometer using a Xenon lamp and Quapta i nt egr at ‘w, b w b L b b
sphere using the twourve method in a varied range from 280 c W : L
860 nm. Temperature dependence and power dependence PL ot ’

measurements were doae thin films of1 and2, under exci- b >sd >od

tation by the 325 nm line of a HeCd laser (Kimmon Electric
HeCd dualwavelength laser, model: IK552R). The sample
was placed on the cold finger of a helium clesgdle cryostat
and the measuresnts were performed from 4 to 295 K. PL de-
cay was measurazha HORIBA Jobin Yvon Fluorolo@ spec-
trofluorometer using a timeorrelatedsingle photon counting
module. HORIBA Jobin Yvon NanoLEDs (pulsed ligdmit-

ting diodes) were used as the excitatioarse. The color ren-
dering index (CRI) values were calculated using OSRAM Com-
pany’ s ColorCalcul ator soft
https://www.osraramericas.com

Computational methods. All calculations were based on
DFT implemented in the VASP co@€The interaction between
ions and electrons was described by projector augrdemave Figure 1. Polyhedral views of the crystal structures ofi(@nd
method® The kinetic energy cutoff of 400 eV for the plane (b)2. Gray, lilac, burgundy, red, pink, blue, and black represent
wave basis was used for all calculations. Experimental latticeZn, Hg, Br, O, H, N, and C, respectively.
parameters of and2 were used while the atomic ptishs were
fully relaxed until the residual forces were less than 0.02 eV/A.

Electronic band structures and density of states (DOS) were cal- Typically, 4AMP-based hybrid organimorganic halides of
cul at ed usi n @Emraaf(BBEWexcBangekre — Sb and Bi are known to resiftoctahedral MXunits with var-

relation functionaf? ying connectivity such as isolated-dgtahedra in 4AMP
Bi2Cl11% and 1D Sbf chains formed by edggharing Shi oc-
RESULTS AND DISCUSSION tahedra in 4AMPSbL.5" Interestingly, G&° Cdf Cu™ and

71 ; ;
Crystals structures and stability. Compoundd and2 crys- lCo dal:/Ie also krr1]0\(/jvn, h_o_\ll\lever,k;[ he.l r Strucc:jtureshare bagi:l oniso-
tallize in the orthorhombic space groBpcmandP2:2:2;, re- ated MX, tetrahedra snilar to that inl and2, whereas Pan-

spectively (see Table S1 in the Supporting Information (Sl)). @09 features square planar Pd@hits” Similar to the close
Interestingly, although there is no connectivity between the ad-2nalogs  based 5 on Cd, (4AMRHBr-H.0™ and
jacent MXs units, both compounds exhibit psevdgered (4AMP)Cdls-H20,° MX s tetrahedra il and2 are slightlydis-

structures that effectively isolate the metal halide units from the iorted (presumably to optimize the hydrogen bonding network),
orgaric layer, as shown in Figure 1, which is a feature found in which can be seen in the selected bond distances and angles

several other group 12 metal halide syst&hf&.¢The shortest summarized in Table S2 in the SlI. In contrast, the Cu analog
distance between Br atoms on two adjacent Mits is 4.069 exhibits JahsTeller distorted CuGltetrahedra, whereas distor-

Ain 1 and 4.419 A ir2, only slightly longer than doublef the tionsin Sb- and Btbased halides of 4AMP cation are attributed

bromide Shannon ionic radius (2 x r(Br 3.92 A)® Note that 10 the presence of lone pair on the metal cafiofis.
close-packing of halide anions can have a significant impact on NStability of HOIM halides is a widely known issue in litera-

the optoelectronic properties of materials. For example, whilst{uré and remaina major barrier for their industriatale imple-
the vacancyordered double perovskites such as:Sih,® mentation in applications such as solar c&ll§.The air and

CeSnk™ and (NH)2PtIee have 0D crystal structures, the pres- thermal stability of1 and 2 compounds_ were investigated
ence of clos@acked haloge sublattice leads to the overlap of rough measurements taken over a period of two months and
neighboring halogep-orbitals providing dispersive electronic s_|multanequs therm_ograwmetrlc analysis (TGA) and _d|fferen-
states in the vicinity of the Fermi level. Further discussions of tidl scanning calorimetry (DSC) measurements. Figure S2

electronic dimensionality is provided below in DFT modeling shows th"’_‘t th_e sampll_als stable in a_mt_nent air for several
section. weeks,which is moreair-stable than similar HOIMs such as

(CHsNH3)2CdXas (X = Cl, Br, 1)#* %2 "SHowever, especially for

2, the crystallinity slightly decreases over time, and emergence
of small impurity peaks are noticeable in bbtand2 after 12
months. On the other hand, TGA and DSC measurements pre-
sented in Figure S3 show the typical mass loss above 300 °C as
seen in mny HOIMs?” "8Thus, as shown in Figure S3afjrst

loses its solvated water at 110 °G)(&nd undergoes an associ-
ated structural transition at 119 °CyYTThis is followed by a


https://www.osram-americas.com/
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third transition at 189 °C g]J, attributed to melting, and evapo- HOIMs with high CRI values idade distorted 2D corrugated
ration of sample with onset temperature of 345 °f. (h com- hybrid perovskites such as EHAxBrioxClx (EA = ethylammo-
parison, the DSC and TGA curves of Aloydrated2, shown in nium) , (N-MEDA)PbBr, (N-MEDA)PbBrClos, and
Figure S3b, are simpler with only two thelresents at 239 and  (DMEN)PbB®r with CRI ranging from 66 to 85 % 8land more
415 °C labeled as:Tand T, respectively. The first event {JT recently CRI value of 93 was reported by Z. Wu et al. for the
likely corresponds to a melting transition whereascarre- 2D corrugated (1169riented hybrid perovskite H8-ami-
sponds to the vaporization of the sample. Note that some of tha@opropyl)imidazole tetrachloroplumbdta-ere, the CRI value
other weltknown HOIMs decompose at lower temgearas of 96 for 2 present matches the record high CRI of
such as CBNHs:PbBr at 176 °C FASnPbt (FA = forma- (H2DABCO)PhCle for singlecomponent WL emissive materi-
midinium)at 150 °C, and FASaht 100 °CG°which suggest that  als> however, advantageously,is based on a nontoxic Zn

1 and2 are relatively more thermally stable than these com- based composition as opposed to the toxic heavy element Pb
pounds.On the other hand, since we did the temperature de-based compound @ABCO)PkCls. On the other hand, the
pendence PL measurements on thin filmd aind2, we also CIE coordinates, especially far is arevery closeto the for
measured their PXRD ebom temperature. THeawley fittings white point coordinates (0.33,0.33). Furthermore, them

of the measured PXRD data show a goaatchingwith the temperatur@dVL PLQY of 14.87(1) and 19.18%2) are higher

calculated data based on single crystatlsa)diffraction(Fig- thanthe valueseported for the lead halide perovskites.
ure S4).

Optical properties. Figure 2a shows room temperature dif- (a)w o0 \:\;2"2'193”22(2%) S (b)w o0 \:\;zvjinig“m 6 23
fuse reflectance spectra of polystalline powders of and2. PP T~ PEAT, -z
Sharp band edges were observed, characteristic of a direct ga _ m“”mm” e
semiconductor. Based on the KubeMank function (F(R) = a El 3
o/S=(1-R)%(2R), where R is the reflectancds the absorption E g
coe cient, S i s ient)hbmnd gap &netgiesr i 5| — =
can be estimated frjdm:’.alfuhcéonTaé . E
of the pho) owhemnergyi 6hequal © )
sitions and 2 for indirecransitions® This methodit is often 15 20 25 30 35 40 45 50 15 20 75 3.'0 35 40 45 50
used to estimate an optical band gap of a given semiconducto Energy (eV) Energy (eV)
with parabolic bands at the Fermi energy level. Using the direct Wavelength (nm)
and indirect fitting scenarios, band gaps energies of 3.44 anC “szr 620 495 413 354 310 276 248 (d)

4.02 eV (direct) and 3.20 and 3.90 eV (indirect) aténeated e i 0.8] 1-(0.34,0.39)
for 1 and2 respectively (Figure 5. Although this analysis is _ O i SN 2-(0.250.26)
in accordance with the literature reported procedtfé&*and af wf 08} - "

the obtained values are reasonable, the present case is quite d 2z | i)
ferent due to low dimensional crystal and electronic structures ;é,’

of 1 and2 compounds. Thud,and2 show an excitonic absorp- E // :

tion features at 370 and 320 nm foand2 respectivelywhich _

may obscure the absorption onset (FigureRdherefore, we 15 20 25 30 35 40 45 50

directly measured the optical absorptipectraon spincoated Energy (eV) x

thin films of 1 and2. Based on the absorption spectra shown in Figure 2. (a) Diffuse reflectance spectra of polycrystalline
Figure $, we deduced a band gaps of 3.64 eV and 4.1 eV for powders ofl and2 measured at room temperaturecjiRoom
ard 2, respectively. temperature optical absorption (blue), PIpink), and PL (re}
Under 325 nm UV irradiation, PL spectrumlohows avery  spectra ofl and2, respectivelyThe PL and PLE spectra of the
broad emission, Gaussian shaped, with a maximum intensity abrganic 4AMP are presented by red and pink dashed (idks.

535 nm, a full width at half maximum (FWHM) &33nm, and  The position ofl (circle)and2 (square)alues in the CIE 1931
a large Stokeshift (~170 nm) compared to the excitonic ab- chart.

sorption (Figure 2b)Moreover PLE spectrum shows a sharp
exdtonic peak located at 370 nm in excellent agreement with  Usually, the physical origin of broadband WL emission based

the absorption spectrum peak (Figure &g Figure Sf at- on HOIMsis attributed to STEs in a deformable inorganic sub-
tributed to excitonic absorption. Similarly, &y room temper- lattice due to the presence of strong elecpbanon cou-
ature PL spectrum shows a bright broadband emission with gling.3245 48%0. 85 87 Hgwever, a few recent examples attribute
maximum at 438 nnaccompanied with a shoulder 480 nm the broadband emission to the coexistence of STEs PL peak on
and a weaker emission band d06im. Likewise, PLE spec-  inorganic units and a fluorescenpeak fromemissive centers

trum of 2 shows a sharp peak at 320 nm characteristic of theof the organic molecules, which combine to form a broadband
excitonic absorption (Figure 2c). A large Stokes shift of 118 nm emission covering the entiresile spectrund® 5% On the

was also observed far which is ofen the case in 0D HOIMS: other hand, our recent report on photophysical properties of
# Importantly, the broadband emission of the studied com- some 0D HOIMs based on group 12 metals (Zn and Cd) showed
pounds yield CIE Color Coordinates of (0.34, 0.38) and (0.25, that broadband emission could be the consequenegciibn
0.26), and very high CRI values of 87 and 96 f@nd2, re- localization on the aromatic organic molecular catfrere,
spectively (Figure 2d), which are among the highest reported into investigate the origin of the broadband emission fand2,

the literature to dat¥.It is well-known that CRI is an important e measted the room temperature Rind PLEspecta of the
parameter for WL emissive materials, reflecting the ability of a organic salt 4AMP. As shown in Figures 2b and 2c, urg2s

light source to accurately render the colors of an object com-nm excitation, the maximum emission of 4AMP lies in the blue
pared to daylight. Other notable examples of WL emitting region with the presence of a sharp peak at 457 nm accompanied
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with ashoulder at 395 npand PLE spectrum show a sharp peak ior was observed in several HOIMs and \a#tsibuted to struc-

at 325 nmMoreover, by comparing the PL speotrof 2 with tural phase transition, which could have an important impact on
that of the corresponding 4AMRie observed annmistakable  the optical propertie¥: 22 3"However, forl and2, the possibil-
and significant correspondence between the-biggrgy peak ity of the presence of structural phase transition in1'80 K

near the band edgé2 and B2)with that of the4AMP (See temperature range has been ruled out, as a result of the well
Figure 2c) Likewise for1, the presence of a very broadband matching of the room temperature PXRD data and the single
emission could be the result of the overlap of at least three emiserystal XRD data measured at0k0(see Figure S1)Yhus, the
sion subbandsnoted Al, B1, and C1 in Figure 2mportantly, PL behavior in 15A75K temperature range could be the result
the deconvolution of the rom temperature PL spectrum bf of a strong competition in the recombination process between
usingthreeGaussian function shows a good matching betweenthe multiple emission peaks.
the position of the two emission bands of 4AMP and the two It is alsoworth noticingthat the presence of permanent defect
high energy PL bands A1 and B1 (see Figure S7). According tostates in semiconductors could create a broadband emision.
this, we attribute the high energy A1, B1 a2, B2 PL bands 8 However, the concentration and recombination lifetime per-
to the 4AMPrelated organic molecules emission. manent defect are finite, thus their PL could be saturated at high
excitation powef? In the case of and2 compounds, as shown
(a) Wavelength (nm) (b) Wavelength (nm) in FigureS9, the intensity of C1 and C2 PL peaks present a lin-
827 620 495 413 354 827 620 495 413 354 ear dependence widxcitation intensity, and the absence of sat-

4x10°

4x10f B1 A1 uration exclude the possibility of permanent defects emigéion.
i 3. 44 However, the evolution of the integrated intensity of AL,
7 3x10 = * B1 and A2, B2 PL peaks dfand2 as a function of excitation
e ) power shav a small quenchingabove 20 W/crh excitation
B 210 3 2 powerwhich is probably duéo the degradation of the organic
2 £ molecules at high excitation intensiffzigure S9).
= e r 1x10°
0. o
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Figure 3. Temperature dependence PL of{and (b)2, under Time (ns) Time (ns) Time {ns)

325 nm UV irradiation. Plots of the temperatdiependence in-  Figure 4. The photoluminescence decay curves af)(Al, B1,
tegrated intensity of (c) Al, B1, and C1 peakd ahd (d) A2, and C1 PL peaks of 1 and-{fdA2, B2, and C2 PL peaks of 2.
B2, C2 of2. The excitation wavelengths are 370 and 314 nm for 1 and 2 re-
spectively.

Figures 3a and 3b show the temperature dependence PL meas-
urements forl and 2 under 325 nm excitation. Siditant
changes were observed as a function of temperature for bot
compounds. Fot, the room temperature broadband WL emis-

sionclearly splits into at least three sddands at low tempera- ;
ture noted as A1, B1, and C1 in Figure 3a, which are located€"9ths used are 370 and 314 nm¥a@nd2 respectively, and

around 40, 450 and 535 nm, respectiveBased on the decon- the emission wavelengths are 400 (A1), 450 (B1) and 535 nm
volution of the PL spectra using 3 Gaussian function, we de- (C1)fort, gnd 438 (A2), 550 (B2), and 650 nm (G@z' Al
duced the thermal evolution of the integrated intensity, FWHM, decay profiles can be fitted by a threeponential function. The

and position of each PL peakband2 (Figure 3bc and Figure " first Iifgtime component of R ns for all peaks of ano_lz is due .
S5). Upon cooling, the integrated PL intensity of Aifst in- to the instrumental response because of the duration of the light
creases thedecreasebelow 150 K. However, the integrated ~ PUISe (2 ns). Results slow that the fast cong IS dominant
intensities of B1 and C1 first increases by cooling then dramat-or all PL peaks ol and2 and measure(t1) = 4.3 ns, AB1)

ically quench bellow 150 K (Figure 3c). Similaehavior was = 2:1 NS, {C1) = 7.5 ns,2(A2) = 5.3 ns, ancx(B2) = 4.7 ns,

also observed fa (Figure 3djandin several HOIMg?# 81.85.83 and (C2) = 2.4 nsAs dlscusseq a_bove, the PL peaks of A and
Moreover, the thermal evolution of the position and the FwHM B aré most likely due to the emission by 4AMBletules. This

of PL peaks show an abrupt shift of the position and the widthS further supported by their fast decay (on the order of nano-

of peaks in 150175 K temperature range. Sucbritical behav- sec_ond) becau_se _sprhhqglet excitons in aromatic molecules
typically have lifetimes of nanosecorfds-iowever, the low

energy C1 PL band df could be due to the emission $TEs

h To understand the nature of excitons and the roragithe
broadband WL emission dfand2, we measured the tirre-
solved PL for each PL peak (Figure 4). The excitation wave-



localized at HgByr inorganic tetrahedra (see DFT results be-
low). The fast decay of C{7.5 ns)is likely the result of signif-
icant nonradiativelecay Note thathe reportedpin-triplet STE
decay timesat room temperaturim  Pb-based HOIMs range
from a few nanoseconds tandreds ofs*® 52 55 85 905hort
STE decay times typically correlate with relatively low PLQEs
(<20%¥®>2while long decay times were observed in those with

high PLQEs (>80%), indicating the strong influence of nonra-
diative recombination in PL deca@oncening C2 PL band of

2, which is dominant at low temperature (see Figure 3d) could
be the result of possible inhomogeneity of organic molecules
which may significantly perturb electronic statd$e attribu-

tion of the dominant PL peaks at room temperature to STEs in
inorganic anions in and 4AMP organic molecules Mis sup-
ported byband structure calculatisifsee below)
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Figure 5. Electronic band structure and density of states (DOS) plois(feb) and2 (c-d) calculated using the PBE functional. Note
that the band gap is underestimated due to-kvedivn band gap error of PBE calculations.

DFT modeling. DFTPBE calculations show thathas a di-
rect band gap of 2 .26ds aslightlyat
indirect band gap of 3.49

eV;

HgBr4 clusters as shown by the partial density of statesDO

in Figure 5b. The highegnergy flat band between 3.0 eV and
4.0 eV is made up of highly localized organic molecular orbit-
als. The valence band bhas a mixing of organic and inorganic
stdtel; lowéver,phe orgahic molacolat states are dominant near
the direct band gap at the

is only 0.02 eV higher in energy. The valence band maximumthe VBM. A careful examination of the eigenstates reveals that

(VBM)of 2i s
(CBM) is

at t h ¢he dondpction banhd manimdm

|l ocated between

the X

the energy gap for the inorganic cluster is about 0.28 eV smaller
and the I points (Figure

Note that the above band gap values are lower than the experihan that for the organic molecul@is result suggests that the

mentally measured values due to the selbwn bandgap er-
ror in the PBE calculatioAs shown in Figure 5the conduc-

lowestenergy exciton should be localized at HgBlusters.
The conduction band @f (about 3.5 e\t 4 eV in Figure 5c¢) is

tion and valence bands of the two compounds have very smalmade up of highly localized organic molecular orbitals (see

dispersion especially in the caseofhe conduction band af

DOS in Figure 5d) as evidenced by the flatness of the bands.

(between 2.5 eV and 3.0 eV in Figure 5a) is distributed on The more dispersive band above 4.5 eV with about half an eV

6

r
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band widthis distributed among ZnBclusters. The bands near charge from The Cambridge Crystallographic Data Centre via

the VBM have strong character of both organic and inorganic www.ccdc.cam.ac.uk/data_request/cif.

components. The energy gap for the organic component is about

1 eV lower than that of the inorganic component. Therefore, it AUTHOR INFORMATION

is expected that aexciton prefers to be localized on a 4AMP Corresponding Authors

organic molecule. The experimentally measured short PL decay, .

time indeed suggests fast singbatiton emission from organic | (M-H.D). E-mail mhdu@ornl.gov

moleculesMoreover, despite the two compounds have a quite (B.S). E-mail saparov@ou.edu

similar structuralcoordination environment (see Figure 1), the Author Contributions

PLQY of 2 is higher tharl. Thismaybe explained by the fact  the manuscript was written through contributions of all authors.

::hat thesgonﬁycrz]tlon ban? thrS] rPore .("Eillsn[:;arse thém thatb(sele All authors have given approval to the final version of the manu-
Igure 5) which suggests that excitond may be more Gelo-  seript. T. M. M prepared the sample, R.R performed the XRD

calizled EE)nan"e mobile than tf:jose b The Ia?i@?}d{al mezgsurements, /f\)Y (F:)arried out the opptical megsurements and wrote

overlap between excitation and emission in c thepaper, Y.W did the time resolved photoluminescence measure-

should also promote exciton migration by resonant transfer ofmer?tsr,) MHD did the DFT calculatioﬁs, and BS supervised the

excitation energy’ 92 More efficient exciton migration could ~ Work. *A.Y and R.R contributed equally.

lead to a higher probability of encounterirefetts, resulting in ~ Notes

increased energy losand lower PLQY® Thus, the lower The authors declare no competing financial interest.
PLQY in1 compared t@ is likely due to more mobile excitons
PLo P y ACKNOWLEDGMENT
We acknowledge the fimazial support for this work provided by
CONCLUSION the University of Oklahoma startup funds and by a grant from Ok-

lahoma Center for the Advancement of Science and Technology
(OCAST) under grant AR1808. M-H. Du was supported by the
U. S. Department of Energy, Oféiof Science, Basic Energy Sci-

In summary, we report new examples lofv-dimensional
HOIM for WL emission applications. The 4AMP cation config-
ured (_)rthorhomblc OD_ crystal structure_s feature Hgid ences, Materials Sciences and Engineering Division. We thank Dr.
ZnBrsisolated tetrahedria 1 and2, respectively. The presence Douglas R. Powell for his help with the single crystaiay dif-

of discrete molecular building blocks in the OD structuessilt  ¢raction measurements collected on instruments purchased using
in strongly localized charges and bright WL luminescence with NSF grants CHEL726630.

a corresponding CIE Color Coordinates of (0.34, 0.38) and
(0.25, 0.26), a very high CRI of 87 and 96, CCT values of 5206 REFERENCES
K and 11630 K forl and2, respectively. The substitution of

Hgwit h Zn | eads to tune the e ;]ni .S sﬂagqpy’fM'owan\gaghRsthr% for leeét?rd ”
WL with a calculated correlated color temperatures (CCT) of White light. C&En Global Entreprise2018, 96,
5206 K forl and 11630 K fo2. Importantly, high PLQY values  (46), 2832.

of 14.87 and 19.18% were measured fand2. Our optical 2 Shang, M.; Li, C.; Lin, J., How to produce

investigations supported by DFT calculations suggest that the , .. . . .
WL emission resudt from excitons localized in 4AMRnd white “ght In asmglephase host€hem. Soc. Rev.

STEs The observation of netoxic (for 2), highly efficient 2014, 43, (5), 13721386.
“cold” WL emission with a regcor Gofdrd, MoP eMcBriden J. Rr; Rosenthal, per
spectives in the diggn of singlecomponent WLEDs. There- T feai Lo

fore, we believe that this work will enrich HOIMs family with S. J., . Whltel'lgh.t Emission from Magicized
WL emission by arousing a renewed research on low cost, eco-C"’ujm”—lm Selenide NanocryStaLt- Am. Chem.
friendly raw materials (in the case of-Based compound), with  S0cC.2005, 127, 15378.

facile synthesis and excellent matl properties. Within this 4 Reineke, S.: Lindner, F.; Schwartz, G.;

context, we anticipate that these results will stimulate researc " . C .
on singleemitterbased WEemitting phosphors and diodes for %eldler’ N.; Walzer, K.; Lussem, B.; Leo, K,

nextgeneration lighting and display technologies to replace White —organic  lightemitting diodes  with
conventional inorganic rarearth and quantum dobased  fluorescent tube efficiencyNature 2009, 459,
phosphors that currently dominate the field of optically pumped 234

WLEDs. 5. Yum, J:-h.; Seo, SY.; Lee, S.; Sung, Y.

ASSOCIATED CONTENT E., Y3A5012: Ce0. 05 Phosphor Coatings on
S . . Gallium Nitride for White Light Emitting Diodes.
upporting Information | h S 150, (2). HA7H52

The Supporting Information is available free of charge on the ACS‘]' Electrochem. Soe003, 150, ( )’ S52.
Publications website. 6. Lee, K. H.; Lee, S. W. R.Process

Tables with singleerystals xray difraction data, atomic coordi-  development for yellow phosphor coating on blue
nates, interatomic distances and bond angles, powdgy Hiffrac- : s : s

tion patterns, DSC/TGA, diffuse reflectance and powerdependencé_lght_ emlttmg diodes (LEDS)_ for WhltelghF
photoluminescence data. illumination,  8th  Electronics = Packaging
CCDC 1887021 and 187022 contains the supplementary crystallo-Technology Conferenc@p06; pp 379384.

graphic daa for this paper. These data can be obtained free of7. Ohno, Y. InColor rendering and luminous

efficacy of white LED spectrath International

7


mailto:mhdu@ornl.gov
mailto:mhdu@ornl.gov
mailto:saparov@ou.edu
mailto:saparov@ou.edu

Conference on Solid State Lighting, International 17.  Mercier, N; Louvain, N.; Bi, W.,,
Society for Optics and Phaics 2004, pp 8899. Structural diversity and retrorystal engineering
8. Speier, |.; Salsbury, M. InColor analysis of iodometalate hybridSrystEngComm
temperature tunable white light LED syste®th 2009, 11, (5), 720734.

International Conference on Solid State Lighting, 18.  Billing, D. G.; Lemmerer, A., Inorganic
2006; International Society for Optics and organic hybrid materials incorporating primary
Photonics2006; p 63371F. cyclic ammonium catins: The lead bromide and
9. Im, W. B.; George, N.; Keman, J.; chloride series.CrystEngComm2009, 11, (8),
Brinkley, S.; Mikhailovsky, A.; Hu, J.; Chmelka, 15491562

B. F.; DenBaars, S. P.; Seshadri, R., Efficient and19. Yangui, A.; Sy, M.; Li, L.; Abid, Y.;
color-tunable  oxyfluoride  solid solution Naumov, P.; Boukheddaden, K., Rapid and robust
phosphors for solidtate white lighting.Adv.  spatiotemporal dynamics of the fimtder phase
Mater.2011, 23, (20), 2300. transition in crystals of the orgarinorganic
10. Pan, M.; Du, BB.; Zhy, Y.-X.; Yue, M- perovskite (@2H2sNHz3)2Pbl. Sci. Rep2015, 5,
Q.; Wei, Z:W.; Su, C.Y., Highly Efficient 16634.

Visible-to-NIR Luminescence of Lanthanide(lll) 20. Dammak, H.; Yangui, A.; Triki, S.; Abid,
Complexes with Zwitterionic Ligands Bearing Y.; Feki, H., Structural characterization,
ChargeTransfer Character: Beyond Triplet vibrational, optical properties and DFT
SensitizationChem. Eur. 2016, 22, (7), 2440 investigation of a new luminescent orgahic
2451. inorganic material (CsH14aN)3Biz2lo. J. Lumin.
11. Wu,J. L.; Gundiah, G.; Cheetham, A. K., 2015, 161, 214220.

Structureproperty correlations in Cdoped 21. Mitzi, D. B.; Chondroudis, K.; C.R.Kagan,
garnet phosphors for use in solid state lighting.Organicinorganic electronic$BM J. Res. & Dev.
Chem. Phys. Let2007, 441, 250. 2001, 45, (1), 2945.

12.  Ye, S, Xiao, F.; Pan, Y. X.; Ma, Y. Y.; 22. Yangui, A, Pillet, S.; Garrot, D.; Triki, S.;
Zhang, Q. Y., Phosphors in Phospi@onverted Abid, Y.; Boukheddaden, K.[Evidence and
White LightEmitting Diodes: Recent Advances detailed study of a secommatder phase transition
in Materials, Techniques and Propertidgater.  in the (GH1iNHz3)2[Pbls organicinorganic
Sci. Eng., R010, 71, 1. hybrid material.J. Appl. Phys2015, 117, (11),
13. Stoumpos, C. C.; Kanatzidis, M. G., 115503: 19.

Halide Peovskites: Poor Man's High 23. Yuan, M.; Quan, L. N.; Comin, R,
Performance Semiconductoisdv. Mater.2016, Walters, G.; Sabatini, R.; Voznyy, O.; Hoogland,
28, (28), 577&793. S.; Zhao, Y.; Beauregard, E. M.; Kanjanaboos, P.;
14. Chen, D.; Wan, Z.; Zhou, Y.; Zhou, X.; Lu, Z.; Kim, D. H.; Sargent, E. H., Perovskite
Yu, Y.; Zhong, J.; Ding, M.; Ji, Z., Du®hase Energy Funnels for Efficient LigHEmitting
Glass Ceramic: Structure, Duisliodal Diodes.Nat. NanotechnoR016, 11, 872.
Luminescence, and Temperature Segsi 24. Pan, J.; Quan, L. N.; Zhao, Y.; Peng, W.;
Behaviors.ACS Appl. Mater. Interfacex15, 7, Murali, B.; Sarmah, S. P.; Y, M.; Sinatra, L.;
(34), 1948419493. Alyami, N. M.; Liu, J.; Yassitepe, E.; Yang, Z.;
15. Bai, X.; Caputo, G.; Hao, Z.; Freitas, V. T.; Voznyy, O.; Comin, R.; Hedhili, M. N,
Zhang, J.; Longo, R. L.; Malta, O. L.; Ferreira, R. Mohammed, O. F.; Lu, Z. H.; Kim, D. H.; Sargent,
A. S.; Pinna, N., Efficient and tuneable E. H.; Bakr, O. M., Highly Efficient Perovskie
photoluminescent boehmite hybrid nanoplatesQuantumbDot Light-Emitting Diodes by Surface
lacking metal activator centres for singlease Engireering. Adv. Mater.2016, 28, (39), 8718
white LEDs.Nat. Commun2014, 5, 5702. 8725

16. Saparov, B.; Mitzi, D. B., Organic 25. Hao, Y.; Meng, W.; Xu, H.; Wang, H.; Liu,
Inorganic Perovskites: Structural Versatility for X.; Xu, B., White organic lightmitting diodes
Functional Materials DesigrChem. Rev2016, based on a novel Zn complex with high CRI
116, 45584596 combining emission from excitons and interface



formed electroplexOrg Electron.2011, 12, (1), M., Mechanism for Broadband Whiteght
136-142. Emission from TweDimensional (110) Hybrid
26.  Chin, X.Y.; Cortecchia, D.; Yin, J.; Bruno, PerovskitesJ. Phys. Chem. Let2016, 7, (12),
A.; Soci, C., Lead lodide Perovskite Light 22582263.

Emitting FieldEffect TransistorNat. Commun. 36. Smith, M. D.; Jaffe, A.; Dohner, E. R;;
2015, 6, 7383. Lindenberg, A. M.; Karunadasa, H. I., Structural
27. Ha, S:T.; Shen, C.; Zhang, J.; Xiong, Q., Origins of Broadband Emission from Layered-Pb
Laser cooling of organHnorganic lead halide Br Hybrid PerovskitesSChem. Sci2017, 8, 4497
perovskitesNat. Photonic2015, 10, 115. 4504

28. Sutherland, B. R.; Sargent, E. H., 37. Yangui, A.; Pillet, S.; Mlayah, A.; Lusson,
Perovskite photonic sourcdgat. Photonic2016, A.; Bouchez, G.; Triki, S.; Abid, Y,

10, (5), 295302. Boukheddaden, K., Structural phase transition
29. Liang, F:X.; Liang, L.; Zhao, X.Y.; Luo, causing anomalous photoluminescence behavior
L.-B.; Liu, Y.-H.; Tong, X:W.; Zhang, ZX.; in perovskite (€H11NHzs)2[Pbls]. J. Chem. Phys.

Huang, J. C. A., A Sensitive Broadband (LiA&— 2015, 143, (22), 224201.

NIR) Perovskite Photodetector Using Topological 38.  Yangui, A.; Pillet, S.; Lusson, A.; Bendeif,
Insulator as Electrodesdv. Opt. Mater2019, 7, E. E.; Triki, S.; Abid, Y.; Boukheddaden,.K
1801392. Control of the WhiteLight Emission in the Mixed
30. Smith, | C.; Hoke, E. T.; Solidbarra, D.;  Two-Dimensional Hybrid Perovskites
McGehee, M. D.; Karunadasa, H. I., A Layered (CeH11NH3)2[PbBrsxlx]. J. Alloys Compd2017,
Hybrid Perovskite Sola€Cell Absorber with 699, 11221133

Enhanced Moisture StabilitAngew. Chen2014, 39. Yangui, A.; Pillet, S.; Bendeif, EE.;
126, (42), 114141417 Lusson, A.; Triki, S.; Abid, Y.; Boukheddaden,
31. Zhao, B.; Bai, S.; Kim, V.; Lamboll, R.; K., Broadband Hkission in a New Two
Shivanna, R.Auras, F.; Richter, J. M.; Yang, L.; Dimensional CeBased Hybrid PerovskiteACS
Dai, L.; Alsari, M.; She, XJ.; Liang, L.; Zhang, Photonic2018, 5, (4), 15991611.

J.; Lilliu, S.; Gao, P.; Snaith, H. J.; Wang, J.; 40. Mauo, L.; Wu, Y.; Stoumpos, C. C.; Traore,
Greenham, N. C.; Friend, R. H.; Di, D., High B.; Katan, C.; Even, J.; Wasielewski, M. R;

efficiency perovskitepolymer bulk  Kanatzidis, M. G., Tunable Whieight Emission
heterostructure  lighemitting diodes. Nat. in SingleCationTemplated Thre¢ayered 2D
Photonics2018, 12, 783-789. Perovskites (CBCH2NHz3)4PeBrioxClx. J. Am.

32. Dohner, E. R.; Hoke, E. T.; Karunadasa, H. Chem. So2017, 139, 1195611963

l., SelfAssembly of Broadband WhHeight 41. Roccanova, R.; Ming, W.; Whiteside, V.
Emitters.J. Am. Chem. So2014, 136, (5), 1718 R.; McGuire, M. A.; Sellers, I. R.; Du, M. H.;
1721. Saparov, B., Synthesis, Crystal and Electronic
33. Dohner, E. R.; Jaffe, A.; Bradshaw, L. R.; Structures, and Optical Properties of
Karunadasa, H. I., IntrinsM/hite-Light Emission ~ (CHsNH3)2CdXs (X = CI, Br, 1). Inorg. Chem.
from Layered Hybrid Perovskited. Am. Chem. 2017, 56, (22), 13878.3888

Soc.2014, 136, (38), 13154.3157. 42. Zhuang, Z.; Peng, C.; Zhang, G.; Yang, H.;
34. Yangui, A.; Garrot, D.; Lauret, J. S.; Yin, J.; Fei, H., Intrinsic Broadband Whiteght
Lusson, A.; Bouchez, G.; Deleporte, E.; Pillet, S.; Emission from Ultrastable, Cationic Lead Halide
Bendeif, E. E.; Castro, M.; Triki, S.; Abid, Y.; Layered MaterialsAngew. Chem., Int. EQ017,
Boukheddadn, K., Optical Investigation of 56, 1441114416

Broadband Whitd.ight Emission in Sel  43. Peng, C.; Zhuang, Z.; Yang, H.; Zhang, G.;
Assembled Organidnorganic Perovskite Fei, H., Ultrastable, cationic threkmensional
(CeH11NH3)2PbBr. J. Phys. Chem. @015, 119, lead bromide frameworks that intrinsically emit
(41), 2363823647. broadband whitdight. Chem. Sci2018, 9, (6),
35. Hu, T.; Smith, M. D.; Dohner, E. R.; Sher, 16271633

M.-J.; Wu, X.; Trinh, M. T.; Fisér, A.; Corbett, 44. Haris, M. P. U.; Bakthavatsalam, R.;
J.; Zhu, X. Y.; Karunadasa, H. |.; Lindenberg, A. Shaikh, S.; Kore, B. P.; Moghe, D.; Gonnade, R.

9



G.; Sarma, D. D.; Kabra, D.; Kundu, J., Synthetic 53.

Control on  Structure/Dimensionality and
Photophysical Properties of Low Dimensional
Organic Lead Bromidéerovskite.lnorg. Chem
2018, 57, (21), 134431.3452.

45, Hu, H.; Morris, S. A.; Qiao, X.; Zhao, D.;
Salim, T.; Chen, B.; Chia, E. E. M.; Lam, Y. M.,
Molecular engineering of twdimensional hybrid

perovskites with broadband emission for white R.; Ogale,

light-emitting diodes.J. Mater. Chem. Q018, 6,
(38), 1030110307.
46. Krishnamurthy, S.; Kour, P.; Katre, A.;

Barkaoui, H.; Abid, H.; Yangui, A.; Triki,
S.; Boukheddaden, K.; Abid, Y., Yellowish
White-Light Emission Involving Resonant Energy
Transfer in a New OnBimensional Hybrid
Material: (GH10N2)PbCl. J. Phys. Chem. 2018,
122, (42), 242524261.

54.  Krishnamurthy, S.; Naphade, R.; Mir, W.
J.; Gosai, S.; Chakraborty, S.; Vaidhyanathan,
S., Molecular and Sélfapped
Excitonic Contributions to the Broadband
Luminescence in DiaminBased Low
Dimensional Hybrid Perovskite SystemAdv.

Gosavi, S.; Chakraborty, S.; Ogale, S., Cystamine Opt. Mater.2018, 6, (20), 1800751.

configured lead halide based 2D hybrid molecular55.

crystals:  Synthesis
systematicsAPL Mater.2018, 6, (11), 114204.

47. Zhang, L.; Wu, L.; Wang, K.; Zou, B.,
Pressurdnduced Broadband Emission of 2D
Organiecinorganic Hybrid Perovskite
(CsHsC2HaNH3)2PbBr.  Adv. Sci 2019, 6,
1801628.

48. Yu, J.; Kong, J.; Hao, W.; Guo, X.; He, H.;
Leow, W. R.; Liu, Z.; Cali, P.; Qian, G.; Li, S,;
Chen, X.; Chen, X., Broadband Extrinsic Self
Trapped Exciton Emission in Shoped 2D Lead
Halide Perovskites.Adv. Mater. 2019, 31,
1806385.

49. Ji, C.;Wang, SLi, L.; Sun, Z.; Hong, M.;
Luo, J., The First 2D Hybrid Perovskite
Ferroelectric Showing Broadband WAhLgght
Emission with High Color Rendering IndeXdv.
Funct. Mater2019, 29, 1805038.

50. BrochardGarnier, S.; Paris, M.; Génois,
R.; Han, Q.; Liu, Y.; Massuyeau, F.; Gautier, R.,
Screening Approach for the Discovery of New
Hybrid Perovskites with Efficient Photoemission.
Adv. Funct. Mater2019, 29, 1806728.

51. Wang, Z.; Zhang, H.; Zhu, C-Y.; Yin,

S-Y.; Pan, M., Tunable luminescence and white 62.

light emission of porphyrizinc coordination
assemblies] Porphyr Phthalocyanine2018, 22,
(09n10), 821830.

52.  Yuan, Z.; Zhou, C.; Tian, Y.; Shu, Y,
Messier, J.; Wang, J. C.; van de Burgt, 1,
Kountouriotis, K.; Xin, Y.; Holt, E.; Schanze, K.;
Clark, R.; Siegrist, T.; Ma, B., OrAgimensional
Organic Lead Halide Perovskites with Efficient
Bluish WhiteLight Emission. Nat. Commun.
2017, 8, 14051.

10

Wang, G-E.; Xu, G.; Wang, MS.; Cali,

and photoluminescencel.-Z.; Li, W.-H.; Guo, G-C., Semiconductive-B

haloplumbate framework hybrids with high color
rendering index whitdight emission.Chem. Sci.
2015, 6, (12), 72227226.

56. Tsao, J. Y., Soligtate lighting: lamps,
chips, and materials for tomorroWeEE Circuits
and Devices Magaziritd04, 20, (3), 2837.

57. Rea, M. S.; Freyssinier, J. P., Color
rendering: Beyond pride and prejudic€olor
Research & Applicatio2010, 35, (6), 4014009.

58. Kortum, G.; Braun, W.; Heog, G.,
Principles and Techniques of Diffuseeflectance
SpectroscopyAngew. Chem. Int. EA963, 2, (7),
333341.

59. Kresse, G.; Furthmiiller, J., Efficiency of
ab-initio total energy calculations for metals and
semiconductors using a plamave basis &.
Comput. Mater. Scil996, 6, (1), 1550.

60. Kresse, G.; Joubert, D., From ultrasoft
pseudopotentials to the projector augmentage
method Phys. Rev. B999, 59, (3), 17581775

61. Perdew, J. P.; Burke, K.; Ernzerhof, M.,
Generalized gradient appiicnation made simple.
Phys. Rev. Let1996, 77, (18), 38653868
Roccanova, R.; Houck, M.; Yangui, A.;
Han, D.; Shi, H.; Wu, Y.; Glatzhofer, D. T.;
Powell, D. R.; Chen, S.; Fourati, H.; Lusson, A.;
Boukheddaden, K.; Du, MH.; Saparov, B.,
Broadband Hmission in  Hybrid Organie
Inorganic Halides of Group 12 Metal#ACS
Omega2018, 3, (12), 1879118802.

63. Shannon, R. D., Revised effective ionic
radii and systematic studies of interatomic
distances in halides and chalcogenidésta
Cryst. A.1976, 32, (), 751767.



64. Maughan, A. E.; Ganose, A. M.; Almaker, tetrachloropalladate(ll) complex saRolyhedron
M. A.; Scanlon, D. O.; Neilson, J. R., Tolerance 2005, 24, (13), 16241630.

Factor and Cooperative Tilting Effects in 73. Sun, Q.; Liao, S.; Yao, J.; Wang, J.; Fang,
VacancyOrdered Double Perovskite Halides. Q., Bis(4aminopyridinium) tetraiodidocadmate
Chem. Mater2018, 30, (11), 39098919. monohydrateActa Cryst. 2012, 68, (9), m1160
65. Evans, H. A.; FabiniD. H.; Andrews, J. m1161.

L.; Koerner, M.; Preefer, M. B.; Wu, G.; Wudl, F.; 74. Leijtens, T.; Eperon, G. E.; Noel, N. K.;
Cheetham, A. K.; Seshadri, R., Hydrogen BondingHabisreutinger, S. N.; Petrozza, A.; Snaith, H. J.,
Controls the Structural Evolution in Perovskite Stability of Metal Halide Perovskite Solar Cells.
Related Hybrid Platinum(lV) lodideslnorg. Adv. Energ. Mater2015, 5, (20), 1500963.

Chem 2018, 57, (16), 10375.0382. 75. Dastidar, S.; Egger, D. A.; Tan, L. Z,;
66. Khelifi, M.; Mkaouar, 1.; Hlel, F.; Salah, Cromer, S. B.Dillon, A. D.; Liu, S.; Kronik, L.;

A. B.; Zouari, R., Crystal structure and electrical Rappe, A. M.; Fafarman, A. T., High Chloride
properties  study of -&minopyridinium  Doping Levels Stabilize the Perovskite Phase of
chloridobismuthate(l11)(EN2H7)4.HBi2Cl11. Cesium Lead lodideNano Lett2016, 16, (6),
lonics2010, 16, (8), 709715. 35633570.

67. Mencel, K.; Piechaisiorek, A.; Jakubas, 76. Slavney, A. H.; Smaha, R. W.; Smith, I. C.;
R.;Kinzhybalo, V.; Medycki, W., Hybrid organic  Jaffe, A.; Umeyama, D Karunadasa, H. I.,
inorganic  bismuth(lllbased material [4 Chemical Approaches to Addressing the
NH2CsH4aNH]7[BiCle]2Cl.  Crystal  structure, Instability and Toxicity of LeaeHalide
dielectric properties and molecular motions ef 4 Perovskite Absorbersénorg. Chem2017, 56, (1),
aminopyridinium cationsJ. Mol. Struct.2019, 46-55.

1179, 297303. 77. Li, T.; DunlapShohl, W. A.; Han, Q.;
68. Szklarz, P.;dkubas, R.; Bator, G.; Lis, T.; Mitzi, D. B., Melt Processing of Hybrid Orgaric
Kinzhybalo, V.; Baran, J., Structural Inorganic Lead lodide Layered Perovskites.

characterization, spectroscopic properties andChem. Mater2017, 29, (15), 62065204.
phase transition in  -@minopyridinium  78.  Kulicka, B.; Jakubas, R.; Ciunik, Z.; Bator,

tetrachlorogallate(lll): [ANH2PyH][GaClk]. J. G. ; Medycki, W. ; Swierg
Phys. Chem. SolidX07, 68, (12), 23032316. Structure, phase transitions and molecular
69. Hatano, N.; Nakashima, M.; Horiuchi, K.; dynamics in 4-methylpyridinium

Terao, H.; Ishihara, H., Crystal Structure, NQR tetrachloroantimonate(lll),

and DSC Studies of Tetrabromocadmates(1): [4 CHsCsHaNH][SbCl4]. J. Phys. Chem. Solia@$04,
HoNCsH4NH]2CdBrs - H20 and [2,3,5,6 65, (5), 871879.

(CH3)4CaN2H2]CdBra. Z. Naturforsch. B Chem. 79. Leijtens, T.; Prasanna, R.; GeRarker,
Sci, 2008, 63b, p 11811186 A.; Toney, M. F.; McGehee, M. D., Mechanism of
70.  Kessentini, A.; Belhouchet, M.; Sufiol, J. Tin Oxidation and Stabilization by Lead
J.; Abid, Y.; Mhiri, T., Synthesis, structural, Substitution in Tin Halide PerovskitesACS
photoluminescence, vibrational and DFT Energy Lett2017, 2, (9), 21592165.
investigation of the bis (Aminopyridinium) 80. Tauc, J.; Grigorovici, R.; Vancu, A.,
tetrachloridocuprate(ll) monohydratd. Lumin.  Optical Properties and Electronic Structure of
2014, 149, 341347. Amorphous Germaniumphys. status solidi (b)
71. Jebas, R.; Sinthiya, A.; Ravindran Durai 1966, 15, (2), 627637.

Nayagam, B.; Schollmeyer, D.; Raj, S. A. C.,, 81. Mao, L.; Wu, Y.; Stoumpos, C. C;

Bis(4-aminopyridinium) Wasielewski, M. R.; Kanatzidis, M. G., White
tetrachloridocobaltate(ll)Acta Cryst. £2009, 65, Light Emission and Structural Distortion in New
(5), m521. Corrugated Tw-Dimensional Lead Bromide

72. Ivanova, B. B.; Arnaudov, M. G.; Mayer PerovskitesJ. Am. Chem. So2017, 139, 5210.

Figge, H., Molecular spectral analysis and alyst 82. Zhou, C.; Tian, Y.; Wang, M.; Rose, A.;

structure of the 4aminopyridinium  Besara, T.; Doyle, N. K.; Yuan, Z.; Wang, J. C,;
Clark, R.; Hu, Y.; Siegrist, T.; Lin, S.; Ma, B,,

11



Low- Di mensi onal

Or g a nresonant pErouskite n&ogoatmiypdl.eSurf. Sci.

Peovskites and Their Photoinduced Structural 2019, 473, 419424.

TransformationAngew. Chem. Int. EQ017, 56,
(31), 90189022.

83. Zhou, C.; Tian, Y.; Yuan, Z.; Lin, H.;
Chen, B.; Clark, R.; Dilbeck, T.; Zhou, Y.; Hurley,
J.; Neu, J.; Besara, T.; Siegrist, T.; Djurovich, P.
Ma, B., Highly Efficient Broadband Yellow
Phosphor Based on Zelimensional Tin Mixed
Halide Perovskite. ACS Applied Materials &
Interfaces2017, 9, (51), 4457944583.

84. Wu, Z,; Ji, C,;sun, z.; Wang, S.; Zhao, S.;
Zhang, W.; |i, |.; Luo, J., Broadbdnwhitelight
emission with high color rendering index in a two
dimensional organinorganic hybrid perovskite.
J. Mater. Chem. @018, 6, (5), 11711175

85. Smith, M. D.; Karunadasa, H. I., White
Light Emission from Layered Halide Perovskites.
Acc. ChemRes2018, 51, (3), 619627.

86. Yuan, Z.; Zhou, C.; Messier, J.; Tian, Y.;
Shu, Y.; Wang, J.; Xin, Y.; Ma, B., A Microscale

Perovskite as Single Component Broadband92.

Phosphor for Downconversion Whiteght-
Emitting DevicesAdv. Opt. Mater2016, 4, (12)
20092015.

87.  Tiguntseva,
Stroganov, B.

E.
V.

Y.
Kapitonov,

Sadrieva,
Y.

Z.;
V.

88. Thirumal, K.; Chong, W. K.; Xie, W.;
Ganguly, R.; Muduli, S. K.; Sherburne, M.; Asta,
M.; Mhaisalkar, S.; Sum, T. C.; Soo, H. S,
Mathews, N., Morphologyndependent Stable
White-Light Emission from SelAssembled Twe
Dimensional Perovskites Driven by Strong
Excitonr-Phonon Coupling to the Organic
Framework Chem. Mater2017, 29, 39473953

89. Reshchikov, M. A.; Morkog, H,,
Luminescence properties of defects in Gal\.
Appl. Phys2005, 97, (6), 061301.

90. Zhou, C.; Lin, H.; Worku, M.; Neu, J.;
Zhou, Y.; Tian, Y.; Lee, S.; Djurovich, P.; Siegrist,
T.; Ma, B., Blue Emitting Single Crystalline
Assembly of Metal Halide Clusterd. Am Chem
Soc 2018, 140, (41), 13181.3184.

91. Blasse, G.; Grabmaier, B. Cyuminescent
Materials SpringefVerlag Berlin Heidelberg,
1994.

Dexter, D. L., A Theory of Sensitized
Luminescence in Solidd. Chem Phys 1953, 21,
(5), 836850.

93. Han, D.; Shi, H.; Ming, W.; Zhou, C.; Ma,
B.; Saparov, B.; Ma, ¥Z.; Chen, S.; Du, MH.,
Unraveling luminescence mechanisms in zero

Komissarenko, F.; Haroldson, R.; Balachandran,dimensional halide perovskited. Mater. Chem

B.; Hu, W.; Gu, Q.; Zakhidov, A. A.; Bogdanov,
A.; Makarov, S. V., Enhanced temperature
tunable narrowband photoluminescer from

12

C. 2018, 6, (24), 63986405.



SYNOPSIS TOC: New 0D organinorganic hybrid materials showing a bright WL luminescence with a high PLQY of 14.87
and 19.18% and a record color rendering index (CRI) of 87 and 96.

n B (C_H.N,),ZnBr,
- = CIE (0.25 , 0.26)

PLQY 19.18%
CRI 96
CCT 11630

| (C5H7N2)2H98r4
CIE (0.34 , 0.38)
. PLQY 14 .87%
. CRI 87
'GCT 5206

Emission (a.u)
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